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ABSTRACT 

Laser  surjace  alloying  of  commercial  pure  aluminium  with  alloying  elements  finds  application  in  automobile  and 
aerospace  industry.  Mechanical  characterisation  study  necessitates  to  understand  the  micro  structural  modification 
and  mechanical  behaviour  on  thin  film  of  coated  alloy  to  know  the  stability  in  terms  of  wear  and  corrosion 
characteristics.  In  this  study,  aluminium  was  coated  with  zinc  using  continous  wave  C02  laser  power.  After  alloying,  it 
was  observed  that  there  is  an  improvement  in  hardness  and  scratch  resistance  because  of  the  formation  of 
intermetallics.  The  effect  of  laser  energy  density  on  surface  hardness  was  investigated.  The  coefficient  of  friction  was 
less  for  AlZn  alloy  and  it  was  decreasing  with  increased  scratch  load  from  20  70  N.  The  formation  of  refined  grain 
structure  and  sound  metallurgical  alloying,  the  microstructure  had  contributed  for  surface  scratch  damage  resistance. 
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1.  INTRODU CTION 

Failure  of  an  engineering  component  is  due  to  poor  metallurgical  alloying,  poor  design,  poor  material  selection  and 
reaction  with  external  environment.  Non-ferrous  metals  and  alloys  such  as  copper,  aluminium,  magnesium  and 
titanium  have  high  demands  in  engineering  applications.  Aluminium  alloys  has  received  high  attention  among  non 
ferrous  metals  because  of  its  high  specific  strength  to  weight  ratio,  resistance  to  corrosion,  excellent  thermal 
properties,  workability  and  recyclability.  One  of  the  major  drawbacks  of  aluminium  is  its  poor  wear  resistance,  can 
be  improved  by  surface  modification  [1].  One  such  technique  is  laser  surface  alloying.  Various  investigators  have 
carried  out  research  on  laser  surface  alloying  on  aluminium.  It  has  been  reported  that  the  micro  hardness  of  pure 
aluminium  can  be  enhanced  from  26  to  54  Hv,  due  to  Fe-Ni  alloy  formation[2,3]  and  reported  that  Ti02  slurry  spray 
coating  has  improved  the  adhesion  strength  of  mild  steel  and  the  strength  was  increased  with  sintering  temperature 
ranging  from  850°C-950°C.  Mabhali  [4]  noticed  that  laser  alloying  of  aluminium  AA1200  with  30  wt.%Ni  and 
70wt.%  SiC  improves  hardness  up  to  104.8HVo.i  and  When  on  70wt.%  Ni,  hardness  was  increased  to  120.7Hvo,i. 

Nwambu  [5]noticed  mechanical  alloying  of  commercial  aluminium  with  7.2  wt.%  and  Co  improved  its 
hardness  up  to  234  HV.  While  alloying  with  7.2  wt.%  Mo,  the  hardness  increased  to  222  HV  with  its  impact  energy 
of  1.87J.  Thomas  [6]  carried  out  abrasion  wear  study  on  alumina  ceramic  using  surface  scratch  test  for  evaluation  of 
third  body  wear  damage  by  different  materials  of  Co-Cr  and  alumina  ceramic.  Their  result  indicated  that  surface 
scratch  resistance  was  higher  than  substrate  material.  Gee  [7]  carried  out  low  load  multiple  scratch  test  on  ceramics 
and  hard  metals  and  concluded  that  the  width  of  scratches  in  ceramics  were  higher  than  most  hard  metals.  The  build 
up  of  gross  damage  was  more  for  coarse  grain  than  fine  grain  materials.  Vencl[8]  conducted  the  wear,  scratch  study 
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on  ferrous-based  coatings,  and  observed  that  the  coefficient  of  friction  and  wear  depend  on  hardness  and  wear  mechanism 
of  materials.  Yuan  [9]  studied  the  scratch  test  for  the  evaluation  of  abrasion  wear  of  aluminium  matrix  composite 
reinforced  with  in-situ  A1B2.  Progressive  nominal  loading  from  0.1-30  N  with  scratch  length  of  3  mm  employed  to 
evaluate  the  wear  resistance,  which  improved  due  to  A1B2  particles.  Ravi  [10]  reported  laser  surface  alloyed  aluminium 
alloy  Ni  and  Cr  metal  powders  using  C02  laser  powers  from  1.0,  1.5  and  2  kW.  Maximum  hardness  achieved  by  using 
1.5kW  power  with  was  700  HV  for  20  wt.  %  Ni,  80  wt.%  Cr.  Low  laser  power  has  no  significant  alloy  formation  while 
using  high  power  create  more  depth  of  alloy  which  result  in  less  hardness.  Zinc  alloyed  coating  enhances  the  corrosion 
resistance  for  complex  shaped  lightweight  automobile  pars  [11].  Further  chromated  coating  stabilizes  the  zinc  and  prevent 
from  white  rust  corrosion. 

2.  MATERIALS  AND  METHODS 


An  aluminium  plate  of  size  60  x  30  x  10  mm3  was  used  in  this  study.  The  chemical  composition  is  0.1  wt.%  Cu,  0.6  wt.% 
Si,  and  0.3  wt.%  Fe  and  remaining  aluminium  as  parent  material.  For  alloying,  pure  zinc  powder  of  99.8%  purity  was 
mixed  with  chemical  binder  (fevigum-commercial  brand  name)  and  coated  uniformly  on  aluminium  with  thickness  of 
0.35mm.  Coated  samples  allowed  curing  at  room  temperature  for  two  days.  Laser  exposed  to  the  surface  for  melting  both 
the  coated  zinc  powder  and  substrate  material  at  1. 6-2.0  kW  power  as  mentioned  in  tablel.  Metallographic  studies 
imposed  after  fine  polishing  of  alloyed  samples  along  thickness  direction  to  identify  the  surface  morphology.  After  etching 
with  standard  Keller’s  reagents  (lml  HF,  1.5ml  HCl,  2.5ml  HN03  and  95  ml  of  distilled  water),  both  optical  microscopy 
and  Field  Effect  Scanning  Electron  Microscopy  (FESEM)  were  used  to  study  microstructure.  On  the  surface,  elemental 
analysis  performed  using  Electron  X-ray  Dispersive  Spectroscopy  (EDS).  Vickers  hardness  testing  machine  with  0.3kg 
load  was  used  for  measuring  micro-hardness  in  thickness  direction.  In  order  to  obtain  the  laser  energy  density  (E)  the 
following  standard  formula  given  by: 


E  = 


P 

Yd”’ 


(1) 


Where,  ‘p’  laser  power  in  J/s,  V  is  laser  beam  speed  in  mm/s  and‘d’  is  laser  beam  diameter  mm. 


Table  1:  Process  Parameters  used  for  Laser  Alloying 

Laser  Power 

Scan  Speed 

Laser  Beam 

Laser  SpeciHc  Energy 

(W) 

(mm/min) 

Diameter  (mm) 

(J/mm2) 

2000 

600 

7.40 

27 

1900 

500 

7.40 

31 

1800 

400 

7.40 

37 

1700 

300 

7.40 

46 

1600 

200 

7.40 

65 

Surface  scratch  test  using  TR-101  machine  with  diamond  indenter  estimate  the  wear  resistant  of  alloyed  surface. 
Variation  in  scratch  loads  from  10  to  70  N  tested  at  constant  load  with  0.2  mm/s  and  offset  distance  of  1  mm  and  stroke 
length  was  5  mm.  Before  scratch  testing,  initial  surface  roughness  of  sample  was  measured  using  non-contact  optical 
surface  profile-meter.  The  observed  average  surface  roughness  ( Ra )  after  laser  beam  alloying  was  0.62pm.  The  size  of  the 
scratch  damage,  measured  using  noncontact  profile-meter  and  scratch  aspect  ratio  calculated  from  wear  scar  damage. 
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3.  RESULTS  AND  DISCUSSION 

3  1:  Microstructure  and  Surface  Morphology 

Figure  l(a)  shows  the  zinc  powder  coated  on  the  aluminium  substrate.  The  coating  is  sound  and  uniform  with  good 
adherence  to  the  substrate  material.  Figure  l(b)  shows  the  distinct  and  uniform  alloy  region  after  laser  beam  surface 
alloying.  Figure  l(c)  shows  the  surface  damage  after  scratch  test.  It  seems  to  be  narrow  due  to  the  improved  hardness.  The 
cross-section  of  laser-alloyed  sample  in  figure  l(d)  indicates  the  width  and  depth. 


(a)  Aluminium  Substrate  Coated  with  Zinc  (b)  After  Laser  Surface  Alloying 


(c)  Surface  Damage  After  the  Scratch  ,  ^  0  „  ,, 

(d)  Cross-Section  ot  Alloy  Zone. 

Figure  1:  Photographs  of  Laser  Surface  Alloyed  Aluminium  Samples  Processed 
at  27  J/mm2  Laser  Energy  Density 

The  morphology  of  Al-Zn  alloy  was  studied  using  Field  Emission  Scanning  Electron  Microscope  (FESEM) 
images  is  shown  in  Figure  2(a,  b).  The  white  patches  represent  aluminium  grains  and  the  black  portions  zinc  grains  in 
micro  structure  analysis  using  Scanning  Electron  Microscope  (SEM).  Formation  of  new  intermetallics  compounds  in  the 
alloy  has  enhanced  the  hardness  and  thereby  improved  wear  resistance  property.  A  typical  microstructure  of  aluminium- 
zinc  alloy  formed  by  laser  surface  alloying  by  31J/mm2  laser  energy  density  is  shown  in  Figures  2(a-d).  Between  the  alloy 
and  substrate  interface,  there  is  no  metallurgical  defects  formed  ensuring  a  good  alloy  has  been  maintained.  Due  to 
controlled  heat  input  and  less  heat  affected  zone  by  laser  surface  alloying;  those  metallurgical  defects  were  solved.  Fast 
solidification  of  melting  region  resulted  in  the  formation  of  fine  dendritic  microstructure  like  the  one  shown  in  Figure  2(b). 
Inter-diffusion  of  zinc  with  aluminium  resulted  in  formation  of  dendrite  microstructure  in  the  upper  and  middle  of  alloy 
zone  (Figure  2c).  Solubility  of  zinc  in  liquid  aluminium  resulted  in  the  formation  of  different  grain  structures  at  interface 
and  top  alloy  zone.  The  microstructure  with  refined  grains  without  micro  cracks  in  the  interface  despite  of  variation  in 
melting  temperature  good  metallurgical  alloying  was  obtained. 
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Figure  2:  Micrograph  of  Alloy  Sample  Processed  using  31  J/mm2  :  (a,  b)  Surface 
Morphology  of  AlZn  Alloy  Region;  (c)  Interface  Region  of  Alloy  Zone  and  (d) 

Alloyed  Region  at  Center. 


The  interface  zone  has  thick  layer  of  very  closely  packed  planar  grain  sizes  was  found  as  shown  in  Figure  2(c). 
Above  the  interface  zone,  grain  structures  are  grown  in  the  direction  of  solidification  as  a  result,  the  upper  portion  has  fine 
net  works  of  dendrite  structures  (Figure  2d).  It  is  obvious  that  dendrite  microstructure  cannot  be  formed  with  pure  metals 
and  mechanical  alloying,  it  is  difficult  to  get  dendrite  microstructure  without  managing  solidification  rate  to  be  higher  by 
quenching  methods.  The  advantage  of  laser  surface  alloying  is  high  solidification  rates  enhanced  by  substrate  region  acting 
as  heat  sink.  Laser  interaction  time  with  workpiece  must  be  shorter  to  achieve  faster  solidification  rate.  Table  2  shows  EDS 
result  after  laser  beam  alloying  aluminium  with  zinc.  Zinc  atoms  are  randomly  distributed  in  aluminium  in  the  form  of 
round  shapes  which  can  be  seen  in  figure  3.  Maximum  concentration  of  21.7  wt.  %  Zn  and  20.1wt.%  Zn  were  revealed. 
The  variations  of  zinc  at  different  locations;  less  as  2.5  wt.%  Zn  and  2.7  wt.%  Zn  were  due  to  diffusion  process  where 
upper  portions  have  more  alloying  elements  than  near  interface  regions.  It  is  obvious  that  element  zinc  has  hexagonal  close 
packed  crystal  structure  with  melting  point  of  nearly  419.5  °C  temperature.  It  is  near  to  that  of  aluminium  which  is  650°C. 
John  [1]  studied  the  reaction  of  zinc  at  temperature  of  380°C  in  liquid  solubility  as  much  as  95  wt.  %  Zn.  However,  solid 
solubility  is  less  to  66.4  wt.  %  Zn  which  is  greater  than  any  element  miscibility  with  aluminium  in  solid  solubility. 


Table  2:  Chemical  Composition  in  wt.  %  of  Al-Zn  Alloy 


Spectrum 

Zn 

C 

O 

Si 

Cu 

Mg 

Fe 

A1 

14 

8.0 

25.2 

31.0 

0.2 

0.1 

0.1 

0.1 

35.4 

15 

7.7 

36.5 

11.2 

0.4 

1.3 

- 

0.4 

42.6 

16 

2.5 

16.7 

5.8 

0.1 

- 

- 

- 

74.9 

17 

21.7 

- 

2.4 

0.1 

0.3 

0.1 

4.2 

71.2 

18 

2.7 

17.4 

50.7 

0.2 

- 

- 

0.2 

28.8 

19 

6.5 

25.7 

39.2 

3.7 

- 

0.2 

0.2 

24.1 

20 

20.1 

6.4 

8.5 

0.1 

- 

- 

0.3 

64.6 

21 

9.7 

9.6 

12.8 

0.1 

0.1 

0.1 

0.6 

67.0 
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Figure  3:  EDS  Image  and  Point  Spectrum  of  Al-Zn  using  31J/MM2Laser  Beam 

Energy. 


3.2  Micro  hardness  and  Laser  Alloy  Geometry 

Micro  hardness  of  laser  surface  alloyed  materials  deposited  at  different  laser  energy  density  were  tabulated  in  Figure  4.  For 
Al-Zn  alloy,  average  of  50.76  HV0.3  hardness  achieved  when  laser  energy  density  is  27  J/mm2.  When  laser  beam  energy 
density  is  increased,  its  hardness  continuously  decreased  and  minimum  for  37  J/mm2.  Hardness  decreases  from  top  alloy 
zone  towards  substrate  material.  Since  high  energy  create  more  depth  where  the  concentration  of  alloying  elements  are 
less.  When  compared  with  substrate  material,  which  is  28  HY  0  3,  there  is  an  improvement  by  44.8%. 


Figure  4:  Effect  of  Laser  Energy  Density  on  Micro-Hardness. 

3.3  Analysis  of  Surface  Scratch  Test 

Figure  5  shows  comparison  of  scratch  surface-damage  width  for  substrate  material  and  aluminium  zinc  alloy.  The  laser 
alloying  had  less  surface  damage  due  to  improved  mechanical  interlocking  which  lead  to  increase  in  the  hardness.  The 
figure  5  shows  the  effect  of  laser  energy  density  on  surface  damage  zone  in  the  experimental  investigation.  There  is  a  linear 
increased  damage  zone  when  laser  beam  energy  from  27  to  65  J/mm2.  Maximum  scratch  width  of  330.9pm  and  405.32  pm 
observed  for  pure  aluminium,  when  10N  and  20N  loads,  respectively.  Figure  6  (a,  b)  confirmed  that  the  2D  profile  of 
surface  damage  zone  for  Al-Zn  alloy  and  pure  aluminium,  respectively.  Figure  6  illustrates  that  lesser  surface  damage 
found  in  Al-Zn  alloy  than  pure  Aluminium.  Figure  7  (a,  b)  demonstrates  Three-dimensional  profile  (3D)  of  scratch  grooves 
intensity  and  the  variations  clearly  observed  in  the  graph,  where  more  deformation  build  up  was  visible  in  Figure  9(b),  for 
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aluminium.  The  depth  of  damage  zone  measured  as  lOOpm  and  86  pm,  for  unalloyed  aluminium  and  Al-Zn  alloy, 
respectiyely. 


-3 


l  600 

W)  ^ 

I  ĔtOO 

c3  ZL 
'O  w 

43 
O 


200 


o 

c/3 


Laserbeam  energy  density  (J/mm2) 

Figure  5:  Effect  of  Laser  Energy  Density  on  Abrasion  Wear  Width  for  different 

Materials  at  20N  Load 


Figure  6:  Scratch  Grooye  Profile  when  20N  Load  and  27  J/mm2  (a)  Al-Zn  Alloy  and 

(b)  Pure  Aluminium 


Figure  7:  Three-Dimensional  Image  and  two-Dimensional  Wear  Scare  Profile  for  20N  Load  (a) 

Pure  Aluminium,  (b)  Al-Zn  Alloy 
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3.4  Coefficient  of  Friction 

The  effect  of  laser  energy  density  on  coefficient  of  friction  studied  for  Al-Zn  alloy  and  pure  aluminium  compared  in 
subsequent  analysis.  The  comparison  study  made  for  all  samples  processed  at  31J/mm2laser  energy  density.  The  minimum 
value  of  co-efficient  of  friction  observed  for  31J/mm2,  which  has  0.481  at  20N  and  0.349  at  70N  load.  When  laser  energy 
density  is  37J/mm2,  has  0.53  and  0.403,  respectively  for  20N  and  70N  loads.  In  general,  when  laser  energy  density  is 
increased  the  average  coefficient  of  friction,  the  values  also  increased  but  reduced  with  load  for  all  samples  processed  by 
different  laser  energy  density .  For  selected  laser  energy  density  of  3 1  J/mm2,  online  coefficient  of  friction  as  a  function  of 
scratch  length  was  shown  in  Figure  8(a,  b).  The  initial  raise  in  the  profile  is  due  to  static  coefficient  of  friction  and  soon  the 
stability  maintained  with  little  variation  in  the  kinetic  coefficient  of  friction  conditions.  Maximum  load  of  70  N  has 
minimum  values  of  coefficient  of  friction.  In  general,  for  Al-Zn  alloy  coefficient  of  friction  was  less  due  to  improved 
surface  hardness. 


0.S  n 


12  3  4 

Scratch  lcngth  (mm) 


12  3  4 

Scratch  lcnsrh  (nim) 


Figure  8:  The  Online  Coefficient  of  Friction  for  Samples  Processed  by  31  J/mm2as  Energy 
Density  (a)  Al-Zn  and  (b)  Pure  Aluminium. 


4.  CONCLUSIONS 

Surface  performance  after  laser  beam  alloying  of  pure  aluminium  with  zinc  metal  powder  was  successfully  completed. 
These  are  main  findings  of  this  research  work: 


•  Metallurgical  properties  like  inter  metallic  compound,  microstructure  of  alloy  region  was  very  sound,  without 
defects  such  as  micro  cracks,  porosity  and  grain  boundary  formation. 


•  Surface  hardness  has  improvement  by  45%  and  surface  scratch  deformation  resistance  was  improved. 


•  The  effect  of  laser  beam  energy  density  improved  the  hardness  of  surface  as  well  scratch  surface  damage  resistant. 
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